Gadolinium (Gd) doped Bismuth ferrite (BFO) nanofibers (Bi 1 À x Gd x FeO 3 (x ¼ 0.0, 0.05, 0.10, 0.15 and 0.20)) were synthesized via electrospinning. Scanning Electron Microscope (SEM) analysis showed that the diameter of the nanofibers ranged from 150 to 250 nm. X-Ray Diffraction (XRD) analysis revealed a structural phase transition with varying 'x', the compositions with x r 0.10 have crystal structures with space group R3c, while the compositions with x 4 0.10 have crystal structures with space group Pnma. Vibrating Sample Magnetometer (VSM) analysis exhibited the weak ferromagnetic nature of the BFO nanofibers. However an increase in the saturated magnetic moment with increase in Gd dopant concentration was observed. The Photoluminescence (PL) spectra of the Bi 1 À x Gd x FeO 3 nanofibers show enhanced Near Band Emission (NBE) intensity at x ¼0.10 due to the passivation of oxygen vacancies by Gd doping.
Introduction
Bismuth Ferrite (BFO) is the only single phase room temperature magnetoelectric multiferroic material [1] . It has a rhombohedral perovskite structure with a R3c space group [1] . It has been in the spotlight for its potential use in applications such as magnetic data recording [2] , spintronics [3] and terahertz radiation [4] . In addition to its multiferroic properties, it has also garnered considerable attention for its optoelectronic properties. It has a bandgap varying from 2.5 eV to 2.8 eV [5] [6] [7] . It has been investigated as a potential candidate for optoelectronic applications such as photovoltaics [8] [9] [10] , photonic and optoelectronic devices [11, 12] . Studies have shown that the photoluminescence properties of BFO can even be manipulated through the use of electric fields [13] . Further, the optoelectronic properties of BFO have been found to be enhanced in one dimensional nanostructures such as nanofibers [11] and nanotubes [12] when compared to bulk samples, due to strong surface level interactions and large surface to volume ratio [14] . Electrospun nanofibers have added advantages over other one dimensional nanostructures such as high aspect ratios, large surface areas [15] [16] [17] and enhanced optical properties [11, 18] . Studies on the effect of various processing conditions on the Near Band Emission (NBE) and Defect Level Emission (DLE) of BFO thin films [10] and nanowires [11] showed that the strength of the DLE band varied highly on the atmosphere such as O 2 , N 2 , H 2 or Air used during annealing. Both BFO nanofilms and wires showed strong DLE bands when annealed under O 2 , whereas nanowires annealed under H 2 atmospheres exhibited weaker DLE bands. Recent studies on BFO nanotubes [12] synthesized via a sol-gel technique showed the presence of abundant oxygen vacancies, which affected the PL and photo absorption properties of the BFO nanotubes. Similarly reports on transition metal doping such as Nickel on the photoluminescence properties of BFO showed an increase in oxygen vacancies for higher levels of Nickel doping [19, 20] . However, the effect of rare earth dopants such as Gadolinium (Gd) on the photoluminescence properties of BFO system has not been investigated to the best of our knowledge. Doping of rare earth elements such as Gd into the BFO system has been shown to dramatically improve its magnetic and ferroelectric properties [21] . In this study, we investigate the effect of doping different concentrations of Gd into electrospun BFO nanofibers on their structural, magnetic and photoluminescence properties.
Experimental

Materials and instruments
Poly Vinyl Pyrrolidone (PVP) (Molecular weight - 3 Á xH 2 O (99.9% purity)) from Loba Chemie were used without any further processing. 2-methoxy ethanol, Glacial acetic acid and ethanol (99.9% purity) were acquired from Rankem Chemicals and used as solvents. The nanofibers were synthesized in an electrospinning unit (ESPIN-NANO, PICO) and subsequently annealed in a muffle furnace. The morphology, crystallinity and the magnetic properties of the nanofibers were characterized by Field Emission Scanning Electron Microscope (FESEM) (FEG 200, FEI), X-Ray Diffractometer (XRD) (Xpert Pro, Panalytical), and Vibrating Sample Magnetometer (VSM) (Lakeshore VSM 7410) respectively. The Photoluminescence (PL) spectra of the nanofibers were studied using a Spectrofluorometer (Fluorolog -4, Horiba Jobin Yvon). During PL measurements, the slit width at both the excitation and emission ends of the spectrofluorometer was kept at 5 nm. The nanofibers ($ 100 mg) were packed to the brim of the solid sample holder (1933) to prevent any scattering during measurement.
Synthesis of nanofibers
Bismuth nitrate and Iron nitrate were dissolved in 2-methoxy ethanol to produce a homogenous BiFeO 3 precursor solution. Poly Vinyl Pyrrolidone (PVP) was dissolved in ethanol and mixed with precursor solution to form the electrospinning solution. Glacial acetic acid was added to maintain the pH of the sol to a value of 3.5 and to increase the conductivity of the electrospinning solution. The solution was subjected to a voltage of 9 kV, the distance between the collector and the syringe nozzle was kept at 18 cm and the flow rate was set as 0.5 ml/h. The electrospun nanofibers were collected on a drum collector and then heated in a muffle furnace at a temperature of 500 1C for a period of 1 h. The above synthesis procedure was repeated with addition of gadolinium acetate for the fabrication of Gd doped BFO nanofibers.
Results and discussions
FESEM analyses
The SEM images of as spun and annealed BFO nanofibers are shown in Fig. 1 . The as spun composite fibers are seen to have a smooth morphology and have diameters ranging between 300 nm and 450 nm. The annealed nanofibers have a grainy and rough morphology and have diameters ranging from 150 nm to 250 nm. The Gd doped BFO nanofibers showed no change in morphology and diameter when compared with the undoped BFO nanofibers.
XRD analyses
The XRD patterns for Gd doped BFO nanofibers (Bi 1 À x Gd xFeO 3 (x¼ 0.00, 0.05, 0.10, 0.15 and 0.20)) are shown in Fig. 2 . Rietveld refinement analysis of all the XRD patterns shows that BFO nanofibers have a rhombohedral crystal structure in R3c space group arrangement, with lattice constant values of a¼ 5.5847 Å and c ¼ 13.8717 Å. As the quantity of dopant increases i.e at higher values of x (x¼ 0.15 and x ¼ 0.20), the formation of mixture of, rhombohedral and orthorhombic phases of Bi 1 À x Gd x FeO 3 is observed. The XRD patterns were analyzed for the orthorhombic phases with a space groups Pn2 1 a and Pnma.
From the Rietveld analysis, it was found that the fitting was similar for both the orthorhombic systems, which agrees with the study by Khomchenko et al. [21] . However Rietveld Fig. 1 . SEM micrographs of (a) as spun composite nanofibers (b) phase pure BFO nanofibers obtained post annealing.
analysis shows that at x ¼ 0.15, the sample contained both rhombohedral and orthorhombic phases in equal proportions, and at x¼ 0.20, the rhombohedral and the orthorhombic phases are in the ratio of 0.33:1.0. From Fig. 2b , we observe that both 'a' and 'c' parameters of Gd doped BFO nanofibers decrease as the amount of Gd dopant (x) increases. The contraction of the unit cell is more pronounced along the 'c' direction than in 'a' direction. This can be attributed to contraction of the lattice with an increase in the amount of Gadolinium introduced into the system. The Gd 3 þ ion being smaller than the Bi 3 þ ion causes a contraction of the unit cell.
Magnetic properties
The Gd doped BFO nanofiber samples were saturated with an external magnetic field of 15,000 Gauss. The weak ferromagnetic nature of the BFO nanofibers is confirmed by M-H hysteresis curve. The BFO nanofibers showed a magnetic saturation value of 1.95 emu/g. Bulk BFO exhibits G-type antiferromagnetism with a spiral spin ordering having a wavelength of approximately 62 nm. The restriction of the Bismuth ferrite crystallite size below 60 nm results in the breaking of the spiral spin ordering, giving rise to a weak ferromagnetism. This makes it more favorable for commercial applications when compared to antiferromagnetic bulk BFO. The VSM data of the pure BFO nanofibers reveal that the crystallite size is definitely below 60 nm.
The Gd doped BFO nanofibers exhibit progressively larger saturation magnetization values with increase in amounts of Gd dopant. The M-H hysteresis loops (Fig.3) showed a Ms value of 1.95 emu/g for pure BFO nanofibers. Gd doped BFO exhibit 2.4 emu/g, 2. 
Photoluminescence spectra
The excitation spectrum of the nanofibers shows two major peaks -363 nm and 401 nm (inset, Fig. 4 a) . The intensity of the 401 nm is higher than the 363 nm peak indicating a strong absorption at the former. Thus a wavelength of 401 nm was chosen as the excitation wavelength to obtain the PL spectra of the nanofibers. The photoluminescence spectrum reveals visible light emission comprising of two major peaks -one at 443 nm (2.79 eV) and the other at 500 nm (2.48 eV). The peak at 443 nm corresponds to the Near Band Emission (NBE) characteristic of BFO. The other peak at 500 nm corresponds to the Defect Level Emission (DLE), and can be ascribed to defects such as oxygen vacancies in the crystal structure and other surface defects.
Bi 0.9 Gd 0.1 FeO 3 nanofibers show maximum NBE intensity among the samples and the intensity of NBE increases without significant changes in the DLE. The intensity of NBE initially decreases for sample with x ¼ 0.05 from undoped BFO and then increases to a maximum when x¼ 0.10 and thereafter decreases to a minimum for samples with higher Gd dopant.
In order to further understand the effect of gadolinium doping, the value of NBE/DLE ratio is plotted as a function of the concentration of Gd dopant. The highest NBE/DLE value of 2.7 is seen for Bi 0.9 Gd 0.1 FeO 3 nanofibers. The high NBE/ DLE value of these nanofibers can be ascribed to the passivation of oxygen vacancies due to Gd doping [22, 23] . This is in accordance with the studies carried out by Prashanthi et al., where the NBE/DLE value of BFO nanofibers was enhanced by annealing the samples in hydrogen; which led to the passivation of oxygen vacancies [11] . The increase in the NBE intensity by Gd doping can be explained as follows. Gd doping reduces the number of oxygen vacancies, leading to a reduction in the number of photo generated electrons trapped at the surface of the BFO nanofiber. The reduction in the number of trapped electrons leads to reduction in the height of the space charge layer [11] . This leads to larger number of radiative recombinations, thereby giving rise to a higher NBE for Bi 0.9 Gd 0.1 FeO 3 (x ¼ 0.10) nanofibers. In the case of nanofibers with higher levels of Gd dopant (x ¼ 0.15 and 0.20), the presence of secondary phases might contribute to the lowering of the photoluminescence signal. The presence of instabilities in the M-H loop of these nanofibers along with their X-ray diffraction data is a further proof for the formation of secondary phases in these samples.
Conclusions
This study reports the synthesis of BFO and Gd doped BFO nanofibers and their structural, magnetic and photoluminescence analyses. A structural transition from rhombhohedral to orthorhombic (R3C to Pnma) system was observed as the gadolinium doping percentage increases from x¼ 0.10 to 0.20. Nanofibers with x¼ 0.10 showed higher magnetic saturation and coercivity values when compared to undoped BFO nanofibers. The photoluminescence spectrum of Bi 0.9 Gd 0.1 FeO 3 nanofibers showed an enhanced NBE in the visible spectrum due to the passivation of oxygen vacancies. The enhanced magnetic and photoluminescence properties of these nanofibers make them potential candidates for the development of multifunctional photonic and optoelectronic devices.
